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Initial results obtained using a new electrospray ionization (ESI) Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer operated at a magnetic field 11.5 tesla are
presented. The new instrument utilized an electrostatic ion guide between the ESI source and
FTICR trap that provided up to 5% overall transmission efficiency for light ions and up to 30%
efficiency for heavier biomolecules. The higher magnetic field in combination with an enlarged
FTICR ion trap made it possible to substantially improve resolving power and operate in a
more robust fashion for large biopolymers compared to lower field instruments. Mass
resolution up to 106 has been achieved for intermediate size biopolymers such as bovine
ubiquitin (8.6 kDa) and bovine cytochrome c (12.4 kDa) without the use of frequency drift
correction methods. A mass resolution of 370,000 has been demonstrated for isotopically
resolved molecular ions of bovine serum albumin (66.5 kDa). Comparative measurements
were made with the same spectrometer using a lower field 3.5-tesla magnet allowing the
performance gains to be more readily quantified. Further improvements in pumping capacity
of the vacuum system and efficiency of ion transmission from the source are expected to lead
to further substantial sensitivity gains. (J Am Soc Mass Spectrom 1998, 9, 692–700) © 1998
American Society for Mass Spectrometry
The coupling of electrospray ionization (ESI) [1, 2]with Fourier transform ion cyclotron resonance(FTICR) mass spectrometry [3, 4] has provided
the basis for significant extension of capabilities for the
characterization of large biomolecules and their nonco-
valent interactions [5–8]. ESI–FTICR mass spectra for
biopolymers in the molecular mass range of 1 to 12 kDa
with mass resolutions on the order of 106 have been
reported earlier for the systems based on 6- and 7-tesla
superconducting magnets [7, 9]. The resolving power
for large molecules has recently been extended with the
introduction of FTICR mass spectrometers based on
9.4-tesla superconducting magnets, with results show-
ing resolution in excess of 250,000 for the 66-kDa
protein porcine serum albumin [10]. Unit resolving
power has also been demonstrated for a 112-kDa pro-
tein [11]. However, although resolution of close to 106
has been achieved for small peptides based on a 1-tesla
magnet [12], an increase in magnetic field strength with
comparable field quality is crucial for studying larger
biopolymers [13]. The highest magnetic field for FTICR
mass spectrometry to date (20 tesla) has been recently
demonstrated, although the poor quality of the field
precluded obtaining high resolution spectra [14].
Here, we report initial results obtained using a new
ESI–FTICR mass spectrometer based upon a 11.5-tesla
superconducting magnet developed and assembled at
the Pacific Northwest National Laboratory (PNNL). The
magnet has a horizontal design with 203-mm diameter
bore and is the highest field superconducting magnet
with high field homogeneity used to date for FTICR. In
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this first of two spectrometers (a second with different
features using RF ion guides is presently under devel-
opment) electrostatic lenses have been used to guide the
ions between the lower pressure stages of the ESI source
and FTICR trap at high vacuum. The possible advan-
tages of electrostatic ion optics include: (i) low electrical
noise that is especially important when ion detection is
performed simultaneously with ion injection in experi-
ments with dual cell, or multiple trap assembly; (ii)
relative simplicity in design and operation (e.g., the use
of gate valves between the pumping stages may de-
grade the ion transmission between rf multipole seg-
ments); (iii) large field-free region near the central axis
that can accommodate higher ion currents, thus making
it easier to transfer highly charged ions of heavy mole-
cules; (iv) the possibility for effective transport of ions
over a wide mass-to-charge ratio range. Note, however,
that electrostatic ion guide can be more sensitive to the
pressure conditions in the flight regions that may create
additional problems for ions to overcome the magnetic
field gradient, especially for the low molecular mass
ions. Preliminary evaluation of the performance of
electrostatic optics for transporting externally produced
ions is reported in this work. Finally, we discuss the
more subtle advantages of operation at high magnetic
field related to the more robust operation derived from
the broader range of operating conditions for which
high performance results are achieved.
Experimental
The 11.5-tesla FTICR mass spectrometer incorporates a
heated metal inlet capillary ESI source, an electrostatic
ion guide, six stages of differential pumping, and 8-cm
cylindrical dual cell arrangement developed at our
laboratory. The spectrometer utilizes a commercial data
station and a specially constructed superconducting
magnet.
Magnet
The horizontal bore 11.5-tesla solenoidal magnet, de-
signed and constructed by Magnex Scientific (Abing-
don, UK), has a 203-mm room temperature bore. Initial
cryoshimming produced a ;1-ppm spherical homoge-
neous magnetic field region of 4 cm in diameter, in line
with magnet specifications. The magnet is surrounded
by a close coupled two-layer iron-yoke passive shield
(45,000 kg). The side plates of the shield have an
octagonal arrangement consisting of 15-cm-thick steel.
The end plates consist of 7.5-cm-thick steel. The screen
was designed to restrict the 5-gauss magnetic field
contour to a distance of 2-m radially and 4-m axially
from magnet center. The field drift stabilization system
consists of an independent superconducting “lock coil”
that is located directly inside the bore of the main
magnet coil, and a room temperature “B0” coil wound
onto the vacuum side of the room temperature bore
tube. The lock coil is terminated with a superconduct-
ing switch and superconducting joints. The switch is
open during the energization of the magnet and close at
all times afterwards. In this way the coil forms a
separate superconducting loop. When the magnet ex-
hibits a decay, a current is induced in the lock coil in the
opposite direction causing a net reduction in the decay.
The long term drift in magnetic field is further compen-
sated by the room temperature stabilizing coil. Figure 1
shows that with the room temperature B0 coil compen-
sation reduces the long term drift to below 5 ppb/h
(with a 30-day period between the field corrections
when the lock coil is reset), and that any field short term
variations are confined to within a 50-ppb level. The
small field variations are attributed to changes in tem-
perature, which lead to the changes in permeability of
the iron yoke and respective variations in the central
field (a consideration at some level in all magnets). This
suggests an upper limit for the mass resolution of ;2 3
107 due to these field variations. Although further
improvements of the field stabilization algorithm to
compensate the yoke temperature fluctuations are in
progress, other considerations (see below) currently
define the practical constraints upon achievable resolu-
tion for large biopolymers. In the absence of room
temperature compensation, the long-term magnetic
field drift is 500 ppb/h. This drift was measured
experimentally (using an NMR probe) after the magnet
stabilized and it was found linear with time to a high
degree of precision. Thus, the long term drift is com-
pensated by programming the current applied to the
room temperature compensation coil under computer
control. The efficiency of field drift compensation was
demonstrated by accumulating high resolution FTICR
spectra (with the resolution of up to 106) for several
hours.
Vacuum System
The spectrometer vacuum system consists of four dif-
ferentially pumped stages of increasing vacuum quality
(which, together with the ESI source, corresponds to a
Figure 1. 11.5-tesla magnetic field stability with operation of the
room temperature stabilization coil. Instantaneous and random
variations in magnetic field are because of temperature fluctua-
tions outside the magnet.
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total of six pumping stages). The first stage is separated
from the ESI source assembly by a 0.26-cm diameter
conductance limit and maintained at a pressure of
;1024 torr by a 1500-L/s diffusion pump having a
water-cooled baffle (model VHS-6, Varian Vacuum,
Lexington, MA). The second and third stages are sepa-
rated from the first one and from each other by 8-mm-
diameter conductance limits and maintained at a pres-
sure of 5 3 1026 and 5 3 1028 torr, respectively. These
two stages are evacuated by 1200-L/s diffusion pumps
with liquid nitrogen cryotraps (model VHS-4, Varian
Vacuum). The ultrahigh vacuum region is evacuated
with a custom cryopump constructed using a Leybold
RGD 1245 cold head (Leybold/Kurt J. Lesker, Clairton,
PA). The pumping surface of the cryopump in this
region consists of a 12.7-cm diameter cylindrical cryo-
panel fabricated from OFHC copper and extends nearly
halfway into the bore of the superconducting magnet
(i.e., just short of the ion trap). The cryopanel was
surrounded by a 14-cm-diameter cylindrical radiative
shield made from aluminum and polished to reduce
surface outgassing. This final pumping stage was sep-
arated from the previous one by a 2.5-cm-diameter 3
135-cm-long tubular conductance limit which is also
one of the ion guide lens elements (see description of
the ion guide below). The operating pressure in final
stage was in the ;1029 torr range, as measured with a
Bayert-Alpert type pressure gauge (Varian Vacuum)
located outside the magnet yoke (and also shielded
magnetically by a 0.6-cm iron yoke). This base pressure
was further confirmed by measuring FTICR signals
from H2O
1 and H3O
1 ions created by electron ioniza-
tion and studying the kinetics of corresponding ion–
molecule reaction between H2O
1 and H2O (these exper-
iments were conducted using a lower field 3.5-tesla
superconducting magnet). The radiation shield was
cooled to ;80 K, and the cryopumping surfaces were
cooled to ;15 K. A piezoelectric pulsed valve (Laser-
Techniques) is used to inject buffer gas (dry N2) into the
ion trap region. The valve is controlled by TTL pulses
generated by the data station. During buffer gas injec-
tion (typically using a 2-ms pulse), the pressure in the
chamber typically increases to approximately 1025 to
1026 torr, and is restored to base pressure in less than
20 s (although high resolution spectra can be obtained
in a little as 1–2 s). The vacuum chamber for the portion
of the spectrometer in the high magnetic field (contain-
ing the ion trap and maintained at highest vacuum) is
made from aluminum and vibrationally isolated from
the cryopump cold head to reduce detection noise. In
addition, for the experiments requiring reduced noise
and the highest sensitivity of detection, the cryopanel in
the last stage can be cooled to cryogenic temperatures
by flowing liquid helium through the custom made
“open cycle cryostat” without operating the cryopump
compressor. Operation in this mode will effectively
eliminate any significant vibration contributing noise to
the mass spectra.
Electrospray Ion Source
The custom made ESI source and interface is shown
schematically in Figure 2 and consists of two differen-
tially pumped stages. ESI emitter voltages of 12 to 13
kV were applied to produce positive ions. The resis-
tively heated stainless steel “desolvation” inlet capillary
was heated to ;120 °C and typically biased at 180 to
100 V, whereas the skimmer potential was typically 135
to 150 V. The first stage includes a tube lens and
skimmer and is evacuated by a 43-L/s roots pump
(RUVAC WSU151, Leybold AG, Koln, Germany) to ;1
torr. The ions transmitted through the 0.06-cm-diameter
skimmer, to the next stage, were collisionally focused
by a 20-cm-long quadrupole ion guide (rod diameter 5
0.9525 cm) operating in rf-only mode (typically, 500
Vp-p at 1 MHz) at a pressure of ;10
21 torr. This stage
was evacuated using a 18-L/s mechanical pump (TRI-
VAC D65, Leybold AG) and effectively axialized and
reduced the translational energy spread of ions before
entering the electrostatic ion guide in the next (lower
pressure) differentially pumped region. dc offset poten-
tials of 120 to 130 V were typically applied to the
quadrupole rods to “push” the ions through the con-
ductance limit (at the potential of 110 to 115 V)
between the collisional focusing region and the electro-
static ion guide. The total ion current collected after the
conductance limit was typically in the range of 200 to
400 pA. The set of dc voltage parameters for ion
transmission to the ion trap was similar for species of
molecular weights ranging from 1 to 150 kDa.
Electrostatic Ion Guide
The spectrometer employed an “electrostatic ion guide”
[15] in the higher vacuum regions to transfer the ions to
the trap at the center of the magnet. The ion guide
consisted of 16 electrostatic elements with the total
flight path of 248.5 cm, shown schematically in Figure 3,
and located in different stages of vacuum system (de-
scribed above). After being collisionally focused in the
rf-quadrupole, the ions were injected into the first stage
Figure 2. The scheme of ESI ion source incorporating collisional
focusing. The quadrupole was operated in rf-only mode (V 5 2p
3 1 MHz, Vrf 5 500 Vp-p) at a pressure of 0.1 torr. Ions were
collisionally focused to the center of the rf-quadrupole and in-
jected into the electrostatic guide for transmission to the ion trap.
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of the vacuum system. The ion guide in this stage
consisted of six elements: a 5-cm-diameter 3 30-cm-
long flight tube with a 0.8-cm-diameter entrance aper-
ture, a 5-cm-diameter 3 3.2-cm-long tube, and four
semicylindrical x–y deflection plates mounted inside
the short tube (Figure 3b). Potentials applied to all these
elements depended on the potentials (dc offset) applied
to the quadrupole rods and conductance limit in the
previous stage (i.e., the ESI source). The overall set of dc
potentials applied to the quadrupole rods, the conduc-
tance limit between the source and the first stage of
vacuum system, and to the flight tube determined the
initial ion energy before acceleration/deceleration in
the higher vacuum, near collision-free regions. Typi-
cally, the potential applied to the flight tube was 5 to 10
V lower than that at the conductance limit. The dc
potential level applied to the deflection plates was
typically in the range of 24 to 26 V. Because of the
relatively high pressure in this region effects due to
collisions of ions with neutrals can be significant. The
greater the radial component of velocity that the ions
gain due to collisions in this region, the less likely that
they will pass through the next stages and through the
magnetic field gradient to the ion trap. For a 300-pA
current exiting the ion source, it was found that be-
tween 150 and 200 pA (depending on molecular weight)
was transmitted to the next stage, and at least 50% of
these ions entering the next stage had a radial velocity
too large for transmission to subsequent stages of the
ion guide. Typically, 50 to 70 pA were transmitted to the
third pumping stage of the vacuum system before
entering the final stage, which contained the high
magnetic field gradient.
The second pumping stage has only one guiding
element, which is a 5-cm-diameter 3 30-cm-long flight
tube with the same 0.8-cm-diameter entrance aperture
(Figure 3c). The potential applied to the tube was
typically in the range of 230 to 240 V.
The third pumping stage was of similar design as the
first (Figure 3d). In this region, the ions were acceler-
ated due to the 2120 to 2140 V applied to the flight
tube. The short tube and deflection plates in this region
were typically at 225 V.
The fourth, final stage of the vacuum system incor-
porated three ion guide elements (Figure 3e): a 2.54-cm-
diameter 3 135-cm-long flight tube, and the two T-
tubular lenses, L1 (1.25-cm i.d. 3 8.9-cm long) and L2
(0.64-cm i.d. 3 2.2-cm long). The T-tubular lenses guide
the ions between the flight tube and the front trapping
plate of FTICR analyzer trap and served to improve
transfer into the trap. Inside the flight tube, the ions
experience a magnetic field increasing from ;1000
gauss at the beginning to ;115,000 gauss at the end.
The potential applied to the flight tube was typically in
the range of 230 to 250 V. The total ion current
entering this tube was typically between 30 and 50 pA,
and, depending on the ion molecular weight and mass-
to-charge ratio, the ion current passing through the
analyzer trap (as measured on the trapping plates of the
second FTICR cell in the absence of a collision gas to
facilitate trapping) was 10 to 20 pA. In the absence of
the T-tubular lenses, only a small fraction of the ions
(typically, in the range of 1 pA, or less) entered the
analyzer cell. Typically, 250 to 270 V potential was
applied to the lens L1 and 210 to 240 V potential was
applied to the second lens L2 mounted in front of the
FTICR trap.
The overall transmission efficiency of the electro-
static ion guide was in the range from ;5% for light
molecules such as bradykinin (Mr 5 1060 Da) and
melittin (Mr 5 2845 Da), increasing to ;30% for heavier
species like bovine carbonic anhydrase (Mr 5 29 kDa)
and bovine serum albumin (Mr 5 66.4 kDa). The
transmission efficiency was almost 50% for Starburst
G10 PAMAM dendrimer with Mr ; 10
6 Da (measured
by comparing the total ion current passing the FTICR
trap with the current in first flight region). The actual
transmission is probably even higher because the cur-
rent from ions passing the analyzer trap was measured
on the back plate of the second trap (see Figure 3),
without taking into account the increased fraction of
ions focused in the strong magnetic field and which
passed through that trap along the central axis. Figure 4
shows the transmission efficiency for different molecu-
lar masses. The presence of the magnetic field decreased
the transmission efficiency (see Figure 4) in the case of
light molecules, but only had a minor effect for high
mass ions. We believe that the pressure in the first flight
region largely determined the transmission efficiency of
ions through the rest of the flight path and the magnetic
field gradient, and expect that further increases in
efficiency could be obtained by further reduction of the
pressure in that region, or using other types of ion
guides (i.e., quadrupole) in that region. Modifications to
this region are in progress.
The ion axial energy distribution after deceleration
into the trap region was increased because of collisions
in first flight region as well as by effects arising from the
Figure 3. The scheme of electrostatic ion guide. The magnetic
field is rising over the fourth flight region from 0.1 tesla at the
beginning to 11.5 tesla at the end.
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magnetic field gradient. Figure 5 shows the energy
distribution of the 81 charge state of bovine cyto-
chrome c (Mr 5 12.2 kDa) measured from FTICR
signals, and which were typical of most biopolymers
studied. For accumulated trapping a broad energy
distribution effectively degrades the sensitivity of the
instrument because only ions in a limited kinetic energy
“window” (the size of which depends upon pressure)
can be efficiently trapped [16, 17]. Note that the mea-
sured kinetic energy distribution half-width was less
than 2 eV, which is comparable to that of other FTICR
instruments employing rf multipole ion guides [10].
Data Station
All experimental parameters for ion trapping, cyclotron
excitation, and detection are controlled by a custom
data system based on a commercial Odyssey data
station (Finnigan FTMS, Madison, WI). The higher
magnetic field and larger size FTICR trap require pow-
erful excitation signals, so the Odyssey data system was
enhanced by replacing the standard amplifier with a
broadband (10 kHz–220 MHz) amplifier (Model 404P,
Instruments For Industry, Ponkonkoma, NY) with an
output power up to 500 W in continuous mode and
1600 W in pulsed mode. During FTICR time-domain
signal detection, the amplifier was turned off by TTL
signals from the Odyssey data station to decrease the
noise level. The data system is located outside the rf
shielded room where the magnet and the vacuum
system are located. This copper screen shielding for this
room provides .100 dB attenuation of external rf noise
sources. In addition, the PNNL designed preamplifier
was located inside an aluminum box near the magnet
bore, and the length of the 50-Ohm cables between the
detection signal feedthroughs on the back flange and
the preamplifier was minimized. The TTL trigger sig-
nals from the Odyssey data system controls: (1) rf
potential on the ESI source quadrupole which was
turned on only for the period necessary for ion injection
and trapping (0.1 to 1 s); (2) pulsed buffer gas injection
(2 to 5 ms); and (3) rf waveform generation for azi-
muthal quadrupolar excitation (QE) and axialization
[18–20]. The standard Odyssey data station was also
enhanced by a Pentium PC for QE waveform genera-
tion (PC board PCIP-AWFG, 5 MHz, 12 bit, Keithley
MetraByte, CA) and advanced signal processing em-
ploying the in-house developed ICR-2LS software [21].
Time-domain FTICR signals were measured using a
standard experimental sequence: frequency sweep or
single-frequency excitation of ion cyclotron motion fol-
lowed by broadband or heterodyne detection, triangle
apodization, one zero-fill, and magnitude-mode Fourier
transform. In the initial studies reported, ions were
typically “cooled” for periods of 10 to 30 s before
excitation. Although this period was also necessary to
pump the trap region down to obtain the highest
possible resolution, resolutions in excess of 100,000
were obtainable for the large molecules (e.g., bovine
carbonic anhydrase) even for much shorter pumping
periods of 1 to 2 s after the buffer gas injection.
FTICR Ion Trap
The dual trap arrangement consisted of two individual
8-cm-i.d. cylindrical FTICR traps, each having an aspect
ratio of 1.2 (length/diameter), was used in the present
work. The traps’ electrodes were made from OFHC
copper and mounted on a 19.7-cm-o.d. custom made
(MDC, Hayward, CA) titanium conflat flange. The first
trap, closest to the last flight tube of the ion guide, was
centered in the most homogeneous region of the mag-
Figure 4. Efficiency of ions transmission through the ion guide.
The efficiency was defined as the fraction of total ion current
entering electrostatic guide after the source that achieved and
passed through the analyzer trap. Because the transmission is
primarily defined by the collisions in the first flight region, it
increases with ion molecular mass. The effect of magnetic field
gradient is especially evident for the ions of low molecular mass
that experience higher effect of collisions on radial component of
their velocities.
Figure 5. Typical ions axial energy distribution after passage
through the electrostatic guide and magnetic field gradient ob-
tained for [M18H]81 bovine cytochrome c ions. The energy
distribution was measured by changing trapping potentials on the
front and back trapping plates (with a difference of 0.25 V between
these potentials) and measuring the relative peak heights in FTICR
signals.
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netic field and used for high resolution measurements.
The second, “reaction, ” trap was enclosed in a cylin-
drical aluminum chamber having an additional spe-
cialty gas inlet line to allow the study of ion–molecule
reactions, as well as for advanced ion manipulations
requiring collisions [22]. The basic characteristics of the
traps were studied with electron ionization that was
implemented using a BaO dispenser cathode (10-A/cm2
electron current density, 1.8-W heater) having a maxi-
mum electron current output of 500 mA [23] and which
was mounted adjacent to the reaction trap near the
“back” flange. The pressure difference between the two
traps can be as much as three orders of magnitude,
determined from the decay constants for signals mea-
sured in both traps using electron ionization of light
ions. The studies with light ions were also used to
determine: (i) the geometry factor for the trapping field
atr necessary for the identification of “magnetron” and
“cyclotron” sidebands in the spectra, estimation of the
magnetron term (nm) in the reduced cyclotron fre-
quency (n1), as well as the rate of possible magnetron
expansion; and (ii) the geometry factor for the excitation
field bexc necessary to estimate the applied excitation
electric field and the optimal parameters for the qua-
drupolar excitation waveform, as well as for ions post-
excitation radius. The geometry factor atr was measured
from the dependence of reduced cyclotron frequency on
the trapping potential Vtr:
n1 5 nc 2 nm 5 nc 2
2atrVtr
2pBd2
(1)
in which nc is the unperturbed cyclotron frequency, B is
the magnetic field magnitude (11.5 tesla in these mea-
surements), and d is the trap diameter. A magnetron
frequency of 5.53 Hz/V was experimentally deter-
mined, leading to a geometry factor atr 5 1.26 for the
trap used (for comparison, the geometry factor of cubic
trap would be 1.39).
bexc was determined by measuring the FTICR signal
and using the relationship between postexcitation ra-
dius r and the excitation parameters:
r
d
5 bexc
Vp-ptexc
2Bd2
(2)
in which Vp-p is the excitation field peak-to-peak am-
plitude, texc is the excitation period, and d is the trap
diameter. From the experiments using ions obtained by
electron ionization the excitation geometry factor was
measured to be bexc 5 0.92(5) (the error reflects an
uncertainty in postexcitation ion radius determination
near the trap’s wall).
The efficiency of ion storage in the trap at 11.5 tesla
was also evaluated by measuring the relative peak
abundances in FTICR spectra for electrosprayed ions as
a function of time delay between ion trapping and
excitation/detection (without use of QE). Figure 6
shows that after a 10-min delay at least 60% of the
original population of bovine cytochrome c ions were
still in the trap. For these studies the trapping potential
during ion injection was 8 V, and the pressure was
approximately 1026 torr immediately after the buffer
gas injection event (2 ms). Note also, that there was no
change in peak resolution which means that the ion
losses were likely not the result of magnetron expan-
sion. The low rate of magnetron expansion is attributed
to the low initial magnetron radius after ion injection
into the trap as well as low ratio of magnetron fre-
quency to cyclotron frequency because of both the
strength of the magnetic field and large trap size. For
this reason, all data presented in this work were ob-
tained without axial quadrupolar excitation/axializa-
tion.
Samples and Electrospray Ion Source Operation
The biopolymer standard samples used (Sigma, St.
Louis, MO) were dissolved (0.5 mg/mL) in an acidic
(1% HOAc in 50:50 H2O to MeOH) solution. The
solutions were infused into the ESI source at rates of 0.1
to 0.3 mL/min, controlled using a syringe pump (Har-
vard Apparatus, South Natick, MA).
Results and Discussion
Although nearly all facets of FTICR performance are
expected to improve at higher magnetic field, perhaps
the greatest attraction of such high magnetic field
instrumentation is the potential for realizing an increase
in resolving power, that is the ability, for example, to
resolve unit mass differences for larger mass ions. The
improvement in resolution for larger molecules is par-
ticularly attractive in conjunction with ESI because it
allows the charge state to be immediately assigned
(based upon the 1-Da isotopic spacing) and thus molec-
Figure 6. Dependence of the FTICR relative peak height for
[M19H]91 bovine cytochrome c ions, which corresponds to the
number of ions in the trap, on time between ions’ trapping and
their excitation/detection.
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ular mass to be readily determined. Such a capability is
useful when mass spectra are highly complex (because
of sample complexity) or where dissociation has been
conducted for a larger multiply charged species and
where the product ion charge states cannot be deter-
mined from a distribution of charge states. Clearly there
are also other advantages of higher magnetic fields,
such as a larger charge capacity of the trap, which gives
an extended dynamic range, higher collision energies
for dissociation, reduced rates of magnetron loss, etc. It
was shown earlier that the upper mass limit for resolu-
tion of unit mass differences (e.g., resolution of the 1-Da
isotopic spacing) is proportional to the magnetic field
strength [14]. The mass resolution obtainable for indi-
vidual peaks benefits from the higher magnetic field
because of decreased effect of ion–ion interactions,
increased cyclotron frequency, and decreased contribu-
tion of the electric field inhomogeneity to the measured
reduced cyclotron frequency. The use of a larger FTICR
trap (all else being equal) further enhances the resolu-
tion because of a reduced effect of ion–ion interactions
at larger cyclotron radii or the improved electric field
homogeneity at the same radii. In addition, the larger
trap size provides higher collisional energy in CID
experiments, especially in combination with higher
magnetic field.
The instrument performance was evaluated for ions
formed by ESI covering a wide range of molecular
masses. Figure 7 shows a comparison between the
spectra of bovine cytochrome c (Mr 5 12.4 kDa) ob-
tained with the same spectrometer and using the same
experimental parameters (except excitation) for both
3.5- and 11.5-tesla magnetic fields. In both cases triangle
apodization was used, each spectrum represents the
sum of 50 acquisitions, and no frequency correction [24,
25] or data sampling techniques [26] were involved in
order to enhance the resolution and/or signal-to-noise
ratio. The mass resolution in individual peaks from
isotopic ions obtained in the 11.5-tesla magnetic field
was routinely in excess of 700,000 and more than a
factor of 4 higher than obtained using the 3.5-tesla
magnet.
A major concern with the use of an electrostatic ion
guide is its possible discriminatory effects upon the
transmission of ions with different mass-to-charge ra-
tios. However, we found that the same set of dc
potentials applied to the guide elements worked well
for ions over a wide mass-to-charge ratio range. Figure
8 shows the mass spectrum of bovine carbonic anhy-
drase (Mr 5 29 kDa) obtained with the resolution of
450,000 for different charge state ions in the mass range
of m/z 1000 to 2000 u. The only limitation on the
available charge state range was due to difference in
ions’ initial kinetic energy. As for cytochrome c, the
instrument demonstrated superior mass resolution for
higher molecular mass biopolymers compared with the
relevant lower field spectrum. Figure 9a shows a spec-
trum from direct infusion of bovine serum albumin (Mr 5
66.4 kDa). By the use of the SWIFT technique [27] two
charge states were isolated (Figure 9b) and detected
with the resolution of ;370,000 for each individual
isotopic peak (Figure 9c) in the magnitude-mode Fou-
rier transform spectrum. Previous measurements at 7
tesla for the same sample required very careful selection
of experimental conditions in order to achieve isotopic
resolution [28] in contrast to the present measurements.
This resolution is the highest to date reported for the
molecules of this size (the resolution of 250,000 has been
obtained with 9.4-tesla ESI–FTICR mass spectrometer
for the ions with similar molecular mass [10]), although
it is likely that significantly better resolution will be
achievable for “cleaner” (i.e., less heterogeneous) sam-
ples.
The challenges for FTICR measurements obviously
increase as both molecular weight and complexity (i.e.,
heterogeneity) increase. Figure 10 shows mass spectra
Figure 7. Comparison between ESI–FTICR spectra of [M19H]91
bovine cytochrome c ions obtained with 3.5-tesla (a) and 11.5-tesla
(b) superconducting magnets. In both experiments, the same
FTICR trap, vacuum system, and experimental conditions were
used.
Figure 8. ESI–FTICR spectrum of bovine carbonic anhydrase
(Mr 5 29 kDa). Despite the large number of ions measured
simultaneously, the average mass resolution of individual peaks
in isotopic structures for different charge states was in excess of
450,000. The spectrum is the sum of 25 acquisitions.
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obtained for bovine serum apo-transferrin, a complex
mixture of sialyted biantennary N-linked glycans,
which possesses the most heterogeneity of all trans-
ferrins. The low-resolution ESI–FTICR mass spectrum
(Figure 10a) displayed two major components with
average molecular masses of Mr,av 5 78,260(40) u and
Mr,av 5 78,590(70) u, respectively. These two forms,
differing roughly by 300 u, arise from the sialic micro-
heterogeneity and likely correspond to tri- and tetra-
sialotransferrins. The [M151H]511 charge state was
isolated employing SWIFT followed by the use of
narrow-band dipolar excitation to select a portion of the
spectrum for high resolution analysis (Figure 10c). The
FTICR time-domain signal (Figure 10b), obtained from
averaging 50 scans, clearly exhibits the distinctive iso-
topic “beat” pattern indicative of isotopically resolved
measurements [29]. Again, no time-domain “sampling”
or any other signal processing technique (except trian-
gle apodization) was used to achieve the 1-Da resolving
power evident in Figure 10c.
These results demonstrate that the high magnetic
field FTICR mass spectrometer can provide unit resolv-
ing power, and, therefore, unambiguous charge state
determination for higher molecular mass species than
feasible at lower fields, including very complex, heter-
ogeneous samples. Less evident, but equally important,
is the greater robustness of the present measurements
compared to those obtained at lower field strengths.
Note also that the lower resolution spectra (with the
resolution between 100,000 and 200,000) from a single
scan demonstrated signal-to-noise ratios in excess of
1000:1 for the biopolymer ions from standard samples
(melittin, cytochrome c, and bovine carbonic anhy-
drase), as the larger size trap in combination with high
magnetic field has higher trapping efficiency.
Conclusions
The initial results obtained using a new ESI–FTICR
mass spectrometer based upon a high quality 11.5-tesla
superconducting magnet have shown a substantial gain
in performance and robustness of operation compared
to lower magnetic field. As expected, the increase in
magnetic field results in improved performance of
FTICR that is particularly evident for heavier ions. In
the present spectrometer an electrostatic ion guide was
employed, and it was shown that ion transmission
efficiency increases with molecular mass of the ions up
to 50% of the initial population. (A second spectrometer
utilizing rf-multipole ion guides is currently in the final
stages of development and will be described at a later
date.) Further improvements in the transmission effi-
ciency and, hence, overall instrument performance of
the present system are expected to result from further
refinement aimed at decreasing the pressure in the
initial stages of the ion guide where ion–neutral colli-
sions play a crucial role in forming the ion beam and
defining the ion energy distribution. Further improve-
ments in detection sensitivity are expected upon full
implementation of noise reduction steps. These devel-
opments are expected to facilitate new applications of
ESI–FTICR for the characterization of large biopoly-
mers.
Figure 9. ESI–FTICR spectrum of bovine serum albumin (Mr 5
66.4 kDa) (a) [M149H]491 and [M148H]481 charge states were
isolated by the use of SWIFT technique (b). The isotopic structure
of each charge state was resolved with an average mass resolution
of 370,000 (c). The spectra represent the sum of 50 time-domain
acquisitions.
Figure 10. ESI–FTICR spectra obtained for bovine serum apo-
transferrin: (a) part of the low resolution spectrum showing three
charge states; (b) time-domain spectrum of [M151 H]511 charge
state isolated using SWIFT combined with resonance dipolar
excitation/ejection; (c) part of the [M151 H]511 charge state
showing unit resolving power.
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